Searches for Earth-like exoplanets using the stellar radial velocity measurements require accuracy <10 cm/s over years. To achieve such high accuracy requires a wavelength reference that provides many calibration lines with fractional frequency accuracy of 10 -10 in the visible spectral range. We have developed a green astro-comb that generates ~6000 lines equally spaced by ~0.15 Å over 1000-Å bandwidth (centered at 5500 Å). The frequency of each line is directly locked to a frequency standard with fractional accuracy of 10 -12 over decades. We plan to bring this green astro-comb to the HARPS-north spectrograph at the TNG telescope for tests in 2012.
INTRODUCTION
Searches for extra-solar planets (exoplanets) using stellar precision radial velocity (PRV) measurements have been very productive in the last decade. The presence of an exoplanet can be indirectly revealed by measuring the small periodic Doppler shift of the stellar spectrum caused by an exoplanet's gravitational pull, and the associated periodic variation in the RV of the star relative to observatories on the Earth. The sensitivity of the PRV technique is limited in part by the wavelength calibrator used to correct for variations in the wavelength calibration of the spectrograph of the observing telescope. Existing wavelength calibrators, such as thorium-argon (ThAr) emission lamps and molecular iodine absorption cells, have been used successfully in the discovery of more than 600 large exoplanets orbiting a wide variety of stars, but these calibrators are inadequate for measurements of the tiny stellar RV shifts induced by small, rocky exoplanets like the Earth, located in the habitable zone of sun-like stars.
To find an Earth-like exoplanet around a Sun-like star requires an RV sensitivity of 10 cm/s over several years, which is beyond the sensitivity and stability of the current state of the art spectrograph HARPS (High Accuracy Radial velocity Planet Searcher spectrograph) using ThAr lamp as a wavelength calibrator 1 . Astro-combs 2-10 , a combination of an octave-spanning femtosecond laser frequency comb 11 and a mode filter, are a promising new calibration source for astrophysical spectrographs with much better accuracy and long term stability than other calibrators currently in use. Here we present an initial laboratory result of a green astro-comb that provide >6000 calibration lines over a spectral band of 5000 Å -6000 Å. Each astro-comb line is accurate to 10 cm/s and is referenced to the timebase of the Global Positioning System (GPS). We plan to locate this green astro-comb at the HARPS-N spectrograph at the Telescopio Nazionale Galileo (TNG) located on La Palma in the Canary Islands in the winter of 2012, study its properties as a wavelength calibrator, perform PRV observations of bright, low RV-jitter, stars, and investigate the potential of the green astro-comb as a calibrator for detecting and characterizing long-period, Earth-like exoplanets.
SETUP
The block diagram of our green astro-comb setup is shown in Fig. 1 . Our green astro-comb consists of a mode-locked titanium-sapphire (Ti:Sapph) femtosecond laser (Octavius, Menlosystems INC.), a tapered photonic crystal fiber (PCF), and two broadband mode filtering Fabry-Pérot cavities (FPCs). Below, we describe each of these components in more detail. A cw laser is used to lock to the FPCs via a Pound-Drever-Hall type scheme and the cw laser is phase-locked to one of the source comb lines. The source comb is stabilized to an atomic clock which is referenced to GPS for long term stability.
Titanium:sapphire 1 GHz comb laser
The Ti:Sapph laser generates 7 fs pulses with a pulse repetition rate (f r ) of 1 GHz and an average power of 800 mW. In the frequency domain, the comb spectrum is composed of ~10 5 comb lines centered at 8000 Å with line spacing of 1 GHz. The optical frequencies of the comb lines may be expressed as f m =f 0 +m×f r , where m is an integer, f r is the pulse repetition rate, and f 0 is the carrier-envelope offset frequency; both f r and f 0 may be stabilized to an atomic clock via standard, radio-frequency techniques. In our setup, f r is detected by a PIN diode and is stabilized by adjusting the cavity length. f 0 is detected on an avalanche photodiode with the f-2f self-referencing method: comb lines at ~11,400 Å are frequency doubled in a 1 mm thick LBO crystal and beat with comb lines at ~5700 Å. f 0 is stabilized by intensity modulation of the pump laser of the femtosecond laser, an 8.4-W doubled YAG laser (Verdi 8, Coherent INC.). Both f r and f 0 are phase locked to low-noise radio-frequency synthesizers, which are stabilized to a commercial rubidium clock referenced to GPS. The typical resulting comb linewidth is <1 MHz.
Tapered photonic crystal fiber
The output of the Ti:Sapph comb laser is coupled into a tapered solid-core photonic crystal fiber (PCF) with zero dispersion wavelength ~7100 Å for coherent conversion of near infrared comb lines into the green spectral range. Due to the small mode field diameter (MFD, ~1.7 μm) in our tapered PCF and the very short pulse length from our femtosecond laser, the fiber is highly nonlinear despite its fabrication from fused silica. However, coupling temporally short (and thus spectrally broad) pulses into a PCF with small MFD is challenging because of spatial chirp of the laser pulse, the chromatic aberration of the coupling lens and the high numerical aperture (NA) of the fiber (NA≈0.3). The coupling may be improved by tapering the PCF such that the input facet has a larger MFD than the output (Fig. 2) . We taper a large, solid-core, PCF (NKT PM850, MFD = 3 µm) to reduce the NFD by 57% (final MFD = 1.7 µm) over 2 mm. This taper is very mild and the transition is adiabatic. Therefore, light entering the fiber propagates down the fiber as the mode field diameter is reduced. The tapering is performed using a Vytran GPX 3000 with a recipe developed in-house. The quality and the reproducibility of the taper are very good. The lengths of the tapered fiber are reproducible to <1 µm and the MFDs to <0.05 µm. Tapered PCFs with the same nominal design generate almost identical green comb spectra for the same Ti:Sapph laser comb input. Coupling light into the larger MFD facet increases the coupling efficiency and reduces the sensitivity to alignment of the fiber. The laser pulse in the PCF is adiabatically guided into the section of the PCF with smaller MFD and, therefore, higher nonlinearity. Green comb lines are then generated in the PCF in a process analogous to Cherenkov radiation, which can be modeled by the nonlinear Shrödinger equation 12 . We use a computer simulation, with the measured pulse spectrum, chirp, and energy as inputs, to determine the optimal dimensions of the tapered PCF for green comb generation. The figure of merit includes the conversion efficiency, bandwidth coverage, and the spectral flatness.
Because the instantaneous laser pulse intensity is high in the fiber (both due to the small MFD and the short temporal duration), dust accumulation on the input and output facets of the fiber has been observed, presumably due to optical tweezing (Fig 3) . The accumulated dust scatters the laser beam and greatly degrades green comb light generation. The trapped dust particles are smaller than 1 µm in diameter and are very difficult to filter from the environment during comb operation. To avoid this problem, the input and output facets of the PCF are sealed during the tapering process. A tapered fiber with sealed facets has been used intensively over 6 months and no dust accumulation has been observed. Sealing the output facet also reduces the NA of the fiber by almost a factor of two, reducing effects from aberrations in the coupling lenses. Three pairs of double-chirped mirrors and a 3.5 mm thick fused silica plate are used to pre-chirp the pulse from the laser frequency comb before entering the aspheric lens (f = 8 mm; thickness = 3.69 mm) that couples the pulse into the PCF. This dispersion compensation creates a short pulse at the PCF input. The coupling efficiency is ~15% (~120 mW, or 120 pJ per pulse) which is limited by the spatial chirp of the pulse. A typical spectrum after the PCF is shown in Fig. 4 (light green curve). The generated green comb power is typically > 100 nW per spectral line. Different spectra may be obtained, if desired, with variation of the PCF length, taper dimensions, the PCF zero dispersion wavelength, and the power and chirp of the input pulse. Green comb lines preserve the coherence of the input, Ti:Sapph red comb and have linewidths of <1 MHz. Figure 4 . The green source comb spectrum (light green curve), with individual comb lines spaced by 1 GHz (0.01 Å at 5500 Å) unresolved with the optical spectrum analyzer used for this measurement. The green comb is generated from a titanium:sapphire laser frequency comb (red curve), spectrally broadened by a tapered photonic crystal fiber and itd spectrum covers more than 60% of the bandwidth of the HARPS-N spectrograph (3800 Å -6900 Å).
Mode filter
To convert the 1 GHz green source comb to a 19 GHz astro-comb, the green source comb generated by the PCF is mode filtered by two FPCs. The free spectral range (FSR) of both FPCs are tuned to K f r , where K=19 is an integer. The FPCs pass every 19 th source comb line and reject the other 18 source comb lines. As a result, after the mode filter, the line spacing is increased to 19 GHz, which is approximately three times of the resolution of the HARPS-N spectrograph at this spectral range (resolving power R = λ/δλ = 115000). This FSR is slightly larger than the optimal spacing 1 , (2.5 × spectrograph resolution ≈ 15 GHz), to aid the study of the line profile of the spectrograph. If desired, the line spacing can be easily retuned by adjusting the FSR of the FPCs.
The FPCs are locked to an injected cw laser (5320 Å) via the Pound-Drever-Hall method in transmission. The cw laser is generated from a low noise (<10 kHz jitter) Nd:YAG laser (JDSU) at 10640 Å which is then frequency doubled in a periodically-poled lithium niobate (PPLN) crystal. The Nd:YAG laser is phase locked to one of the source comb lines near 10640 Å with an offset frequency of several hundred MHz. This offset is tuned to maximize the astro-comb spectral width. The cw laser is phase modulated by an electro-optic modulator (EOM) at 20 MHz, combined with the green source comb via a polarizing beam splitter cube (PBS), and then coupled into polarization-maintaining single-mode fiber. After each FPC, another PBS is used to separate the comb and the cw laser. The cw laser light transmitted through the FPC is then detected by a photodetector and the RF signal is demodulated. The demodulated signal is digitized by a 14-bit DAQ card, which then drives a field-programmable gate array (FPGA) in a PC running Labview. The FPGA generates a feedback signal to stabilize the cavity via a PI control loop and a digital notch filter, which removes a mechanical resonance around 3 kHz. The feedback voltage is applied to a piezo-actuated translation stage to stabilize the spacing of the FPC. The loaded translation stage has a bandwidth of >3 kHz, which is high enough to suppress most environmental noise.
The FPCs are composed of plane-parallel, complementary-chirped mirror (CCM) pairs with 97.5% reflectivity 13 . The CCM pairs consist of two mirrors with opposite group delay dispersion (GDD), capable of forming an FPC with minimal GDD over a much broader bandwidth than traditional broadband FPCs composed of two identical Bragg-stack mirrors with minimal GDD. The mirror substrates are wedged by 0.5 to avoid unwanted etaloning. The dispersion of the intracavity air was taken into consideration and compensated for when the CCM pairs were designed. The resultant bandwidth (with phase error <13 mrad and constant finesse ~105) of the FPC, as measured, is shown in Fig. 5 . The finesse of the FPC is lower than the theoretical calculation due to the surface quality of the plane mirrors. The measurement method is described in detail in Ref. 
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NaveIength (A) maximal green source comb bandwidth, the offset frequency between the cw laser and frequency comb (and thus the FPC tuning) is changed in discrete steps and the spectrum transmitted through the cavity is recorded by an optical spectrum analyzer. The throughput, phase error, and finesse of the FPC can then be derived from the recorded spectra with an appropriate model. The FPCs are housed on an 8" by 8" aluminum breadboard with a trampoline-style suspension above an optical table.
The suspension provides low-pass filtering on all three axes with a resonant frequency of ~10 Hz. The temperature of the FPC mounting system is stabilized to 5 K above ambient temperature. An independent temperature sensor confirms that residual temperature fluctuations are <100 mK. The FPCs are enclosed in a box with an inner wall of lead foam and an outer wall of a 10 mm thick particle board to provide >10 dB isolation from ambient noise from DC to 2 kHz. This sealed box, with four windows for the optical inputs and outputs of the two FPCs, also reduces air currents, which is important for temperature stabilization. This mounting system and the lock of the cavity to the cw laser described in the previous paragraph reduce the root mean square fluctuations of the FPC cavity length by a factor of 100 compared to our previous FPC mode filter.
FPCs. To achieve 10 cm/s accuracy, the intensity of all the source comb lines needs to be stabilized to better than 10 -4 of the main astro-comb lines (source comb lines on resonance with the FPC). An FPC with FSR≈19 GHz and finesse≈105 suppresses unwanted source comb lines by >20 dB. Our mode filter is composed of two identical FPCs and, therefore, is expected to suppress unwanted source comb lines by >40 dB. To measure the suppression over the whole bandwidth of the green astro-comb (5000 Å -6000 Å), we built a broadband Fourier transform spectrometer (FTS) with a resolving power >5,000,000 to resolve the 1 GHz comb lines at 10 -4 relative comb line power level 15 . The measured suppression of the unwanted source comb lines is shown in Fig. 6 . We achieve the desired 40 dB side mode suppression when two filter cavities are used in series to produce the green astro-comb. The data shown are an average of 25 consecutive astro-comb lines to achieve a 40 dB signal-to-noise ratio on the measurement. The central astro-comb line at zero difference frequency is the source comb line resonant with the FPCs. When filtered by one FPC, the unwanted source comb lines (±m GHz relative to the astro-comb line, m = 1, 2, 3…) are suppressed by >20 dB but visible on the FTS spectrum. With two FPCs in series, the unwanted comb lines are suppressed by more than 40 dB and thus below the sensitivity of these FTS spectra. The 40 dB suppression ensures an RV accuracy of better than 10 cm/s of astro-comb lines as measured on an R=100000 spectrograph.
SUMMARY
In conclusion, we have developed a 19 GHz green astro-comb to serve as a wavelength calibrator for the HARPS-N spectrograph. The green astro-comb is composed of a Ti:Sapph octave-spanning comb laser that generates stable 1 GHz comb lines in the near infrared, a custom tapered PCF to spectrally-broaden comb lines to 5000 Å -10000 Å, and two broadband FPCs to increase the line spacing to 19 GHz to be resolvable by HARPS-N spectrograph in the 5000 Å -6000 Å spectral band. The optomechanics of the system have been greatly improved and we expect reliable astro-comb operation in the telescope environment. The accuracy of each astro-comb line is measured to be better than 10 cm/s with a high resolution FTS over the full astro-comb spectrum. We plan to move this green astro-comb to the TNG in late 2012, study its performance on the HARPS-N spectrograph, perform PRV observations of bright, low RV-jitter, stars, and investigate the potential of the green astro-comb as a calibrator for detecting and characterizing long-period, Earthlike exoplanets.
